Mechanisms of axonal damage and adaptive capacity in multiple sclerosis (MS), including cortical reorganization, have been actively studied in recent years. The lack of regenerative capabilities and the irreversibility of neurodegeneration in MS are critical factors for the optimization of MS treatment. In this study, we present the results of clinical and basic studies in the field of MS by two leading Russian centers. Clinical and neuroimaging correlations show that spinal damage in MS is accompanied by functional reorganization of the cerebral cortex, which is determined not only by the efferent component but also by the afferent component. Comparative analysis of MS treatment with both interferon β1b (IFN-β1b) and IFN-β1a at a dosage of 22 µg for 3 years through subcutaneous administration and glatiramer acetate showed equally high efficiency in reducing the number of exacerbations in relapsing-remitting MS and secondary-progressive MS. We demonstrate a reduced risk of disability in relapsing-remitting MS and secondary-progressive MS patients in all groups treated with IFN-β1 and glatiramer acetate. MS appears to be a disease that would greatly benefit from the development of personalized therapy; thus, adequate molecular predictors of myelin degradation are greatly needed. Therefore, novel ideas related to the viral hypothesis of the etiology of MS and new targets for therapeutic intervention are currently being developed. In this manuscript, we discuss findings of both clinical practice and fundamental research reflecting challenges and future directions of MS treatment in the Russian Federation.
Introduction
Our understanding of the pathology of multiple sclerosis (MS) has significantly changed over past decades. Axonal dysfunction and neurodegeneration are now two widely accepted phenomena of MS along with immune cell activation, blood-brain barrier disruption, multifocal inflammation, demyelination, oligodendrocyte death, and reactive gliosis. Degeneration is considered the primary cause of irreversible neurological deterioration and disability progression in MS. Furthermore, researchers have recently gained interest in the adaptive potential of MS with the goal of inhibiting neurodegeneration and neurological impairment. The compensatory mechanisms of MS have been discussed at different levels: the cellular level (axonal sprouting, changes in synaptic stability, or synapse reorganization); the tissue level (edema resorption, rearrangement of sodium channels along the axonal membrane, and remyelination); the systemic level (eg, changes in excitability of the primary and secondary motor areas in the ipsilateral and contralateral hemisphere); and, finally, the behavioral level (eg, development and training of new movement and cognitive strategies). 1 Cortical reorganization affects the recovery of function in MS patients through the formation of myelin lesions and axonal degeneration. [2] [3] [4] However, the reported data on the dynamics of cortical reorganization during the active stage of MS and during remission are lacking. Furthermore, the effect of spinal pathology on the potential of cortical plasticity is of great interest.
Inflammation and degeneration in multiple sclerosis: functional compensation and the effect of disease-modifying treatment
A dynamic comparison of structural and functional magnetic resonance imaging (MRI) parameters in patients with relapsing MS and motor disorders was conducted at the Research Centre of Neurology, Russian Academy of Medical Sciences (hand paresis was used as a model). 5 The study included 25 patients with relapsing-remitting MS (RRMS) in the exacerbation phase, which is characterized by unilateral mild hand paresis, before the initiation of corticosteroid therapy. Dynamic follow-up was performed 3 months later during remission characterized by symptom regression. The control group consisted of 12 individuals without any pathologies of the central nervous system (CNS) or other systems. The study was approved by the local ethics committee. Written informed consent was obtained from all patients. All MS patients underwent neurological examination, including assessment using the Expanded Disability Status Scale (EDSS), dynamometry, and the conventional nine-hole peg test. MRI of the brain and the cervical portion of spine and spinal cord was performed using a Magnetom Avanto MRI unit, 1.5 T (Siemens, Erlangen, Germany). The examination of the brain included both the standard MRI sequences and those used for obtaining functional MRI (fMRI) data and diffusion tensor imaging data. A simple block-designed paradigm 6 involving flexion and extension of fingers II-V with a frequency of 1 Hz 7 was used to record fMRI data.
The MRI results showed that motor symptom development in all MS patients in the examined group was caused by demyelination of cervical spinal foci; cerebral foci were not found in any of the patients along the corticospinal tract. Bidirectional changes in reorganization of the primary sensorimotor cortex (SM1) during exacerbation were detected: the SM1 activation area (measured in voxels) when moving a paretic hand was smaller in some patients (subgroup 1) and greater in other patients (subgroup 2) compared with that recorded when moving the nonparetic hand. No intergroup differences in the clinical features of MS were identified, except for ipsilateral asymmetric reduction of vibration sensitivity in most of the subgroup 1 patients compared with the subgroup 2 patients (87% and 20%, respectively; P,0.05).
Standard MRI showed that the subgroup 1 patients had a significantly higher total number of foci at the level of the C1-C7 vertebrae. An analysis of the diffusion tensor imaging data showed that there were significant changes in the ipsilateral hemisphere both in the corticospinal tract (at the level of the internal capsule) and in the medial loop in subgroup 1 patients, compared with the control group. In contrast, subgroup 2 patients showed changes only in the corticospinal tract (at the level of the brainstem and the internal capsule).
At the 3-month follow-up, at which time the patients were in the remission phase, all MS patients showed regression of hand paresis. In subgroup 1, asymmetric reduction of vibration sensitivity persisted in 53% of the cases, but it was not observed in subgroup 2. The results of the conventional nine-hole peg test showed significantly less complete recovery of fine motor skills in subgroup 1 compared with the other subgroups.
Also at the 3-month follow-up, at which time patients were in the remission phase, fMRI data for subgroup 1 showed a trend toward an increase in the activation area of the primary SM1 when the patients moved the previously paretic hand. Nevertheless, the level of activation of the primary SM1 was lower than that of the contralateral hemisphere. The changes in diffusion tensor imaging parameters previously observed in subgroup 1 in the corresponding medial loop persisted at the 3-month follow-up. In subgroup 2 patients, the activation area of the primary SM1 when moving the previously paretic hand was found to be reduced to a level comparable to that observed when moving the nonparetic hand.
These data suggest that spinal lesions in the MS patients are accompanied by functional rearrangement of the cerebral cortex. Cortical reorganization in patients with clinically similar paresis is determined by both the efferent and afferent components. Heterogeneity of the detected structural and functional changes during regression of motor symptoms is associated with various initial pathophysiological mechanisms and affects the degree of functional recovery. Finally, these detected differences indicate that a differentiated approach to selecting rehabilitation measures for MS patients with motor disorders should take into account not only the efferent component but also the possible deafferent component. The exhaustion of recovery potential, the irreversibility of degenerative changes, and the impact of the type of MS disease course during early disease stages on long-term prognosis make personalized optimization of MS therapy necessary. They also necessitate the use of the criteria for suboptimal therapeutic response and a switch in treatment strategy from first-line disease-modifying therapy (DMT) to therapy escalation. 8 Researchers at the Research Center of Neurology, Russian Academy of Medical Sciences, have accumulated vast experience in the use of first-line disease-modifying therapies (interferon-β [IFN-β] and glatiramer acetate). Here, we have summarized our own data obtained by comparative analysis of immune modulation therapy of MS over 3 years using IFN-β1b, IFN-β1a (injected subcutaneously at a dose of 22 µg), and glatiramer acetate in the context of their effects on inflammatory and degenerative mechanisms of the pathological process of MS.
The inclusion criteria for MS patients receiving therapy with the aforementioned drugs were as follows: 1) reliable diagnosis of MS; 2) RRMS or secondary-progressive MS (SPMS); 3) at least two acute attacks over the past 2 years for patients with RRMS; 4) severity of neurologic disability as indicated by an EDSS score of 0-5; 5) at least 18 years of age; 6) absence of any other neurological disorder that could potentially cause the existing symptoms; and 7) absence of pregnancy or lactation in female patients. The patients could have received immune modulation therapy or be therapy-naïve. Although an indication for glatiramer acetate therapy is RRMS, we also monitored a relatively small group of patients with SPMS, including those with exacerbations, who received glatiramer acetate therapy. The standard therapy regimen was used for all patients. The dynamic follow-up included examination at the onset of therapy and then for every 3 months. A total of 400 patients were examined: 87 patients received IFN-β1b therapy, 176 patients received IFN-β1a therapy, and 137 patients received glatiramer acetate therapy. At the first examination, all the MS patients had the same relapse rate during the 2 years before the initiation of therapy. A statistically significant increase in relapse rate was observed in each therapeutic group 2 years before the initiation of therapy, which demonstrates an increase in disease activity. Also, during the first year of therapy, the mean relapse rate decreased and subsequently remained at a low level. A reduced relapse rate was also observed in all therapeutic groups of patients with SPMS during the first year of therapy, and this effect persisted during the subsequent therapy. Similar to patients with RRMS, no significant differences in relapse rate at different therapy stages were detected between the therapeutic groups (Table 1) .
When assessing the severity of neurological disability using the EDSS score in patients with RRMS, a higher degree of neurological impairments was initially observed in the subgroup receiving IFN-β1b therapy. Prevention of aggravation of neurological disability was observed during IFN-β1a and glatiramer acetate therapies, while IFN-β1b therapy significantly reduced the EDSS score. Meanwhile, there were no significant differences between the therapeutic groups in the severity of neurological disability at different therapy stages. In patients with SPMS, the severities of neurological disability in the subgroups receiving different therapies were initially identical, but those who received INF-β1b therapy showed a significant increase in EDSS score during the follow-up, while those who received glatiramer acetate and IFN-β1a showed significant prevention of aggravation of neurological disability during the therapy period ( Table 2) .
This study is the first to summarize the vast experience in using 22 µg IFN-β1a subcutaneously for MS treatment. The data indicated that this IFN-β dose was effective in patients with RRMS and SPMS. Furthermore, we would like to emphasize the therapeutic effect of glatiramer acetate in patients with SPMS in the context of reducing the relapse rate and preventing the aggravation of severity of neurological disability.
These data are in agreement with the results of multicenter studies in patients with RRMS (REGARD, BEYOND). No significant clinical difference in the effectiveness of high-dose IFN-β and glatiramer acetate therapy was found in those studies; however, advantages of IFN therapy with respect to some neuroimaging parameters were found. [9] [10] [11] Our clinical data demonstrate the prevention of aggravation of neurological impairments in patients with RRMS by providing therapy with all the three drugs. This effect is most likely due to a reduction of the activity of the immunoinflammatory component of the pathological process (as evidenced by the reduced relapse rate) and, therefore, a reduced risk of secondary axonal damage. Also, the probable neuroprotective effect of these drugs is now being discussed. [12] [13] [14] Leray et al 15 reported that disability progression among the MS patients has two stages: the first stage (EDSS score ,3.0) presumably depends on focal inflammation, while the second stage (EDSS score ,6.0) is most likely independent of local inflammatory responses. The independence of the duration of the second stage on that of the first stage emphasizes the need for stabilizing neurological impairments at the 
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Studies of MS in Russia of previously published studies 9-11 that focused on correcting the immune-inflammatory component of MS pathogenesis and on preventing disability aggravation. However, the inevitable exhaustion of the recovery potential and compensatory mechanisms as well as the involvement of both inflammatory and degenerative processes in MS pathogenesis demonstrates the need for using neuroprotective therapeutic approaches.
The environmental hypothesis of multiple sclerosis
The limited knowledge concerning the triggering mechanisms of autoimmunity and, in particular, neurological autoimmunity makes the clinical and fundamental aspects of the "primary event" in MS extremely intriguing. 16, 17 These investigations are highly necessary, as conceptual drug development approaches in the MS field have rather poor diversity. 18 Among the several theories of the mechanism of induction of neuronal autoimmune disorders, the environmental hypothesis is the one that is most well-documented. 19 The viral involvement in the triggering of MS and, especially, the Epstein-Barr etiology of MS have gained great interest after numerous epidemiological studies during the first decade of the 21st century. 20, 21 Recent studies of Epstein-Barr virus (EBV) involvement in the triggering of MS obtained rather controversial data, indicating a complicated relationship between MS and EBV with regard to immunogenicity, immunochemistry, and cellular immunology. 21 It is increasingly evident that autoreactive B cells, together with pathogenic T-cells, are among the major players in MS development. 22, 23 An increased level of immunoglobulin G (IgGs) in the cerebrospinal fluid of MS patients was first detected by Kabat. 24 Analyses of myelin neuroantigen-specific antibody repertoires and their possible cross-reactivity against environmental antigens, including viral proteins, could shed light on the mechanism of MS induction and progression. The direct detection of cross-reactive antibodies in blood serum of patients by regular immune assay techniques generates uncertain results due to the high basicity of myelin basic protein (MBP), which is one of the major autoantigens in MS. [25] [26] [27] It seems appealing to work with broad IgG repertoires from MS patients and to search for potential structural peculiarities in those IgGs that possess cross-reactive features. The analysis of these antibodies by the deep sequencing approach may be useful for the development of prognostic criteria of MS development and may indicate the "viral history" of neurodegeneration triggering in MS. 28 To work with antibody repertoires, a phage display library of single-chain variable fragments (scFvs) was constructed from blood lymphocytes of patients with MS. 28 Structural alignment of 13 scFvs clones selected against MBP, one of the major myelin antigens, showed high homology within variable regions of cerebrospinal fluid MS-associated antibodies and antibodies toward Epstein-Barr latent membrane protein 1 (LMP1). Three scFv clones showed pronounced specificity for the MBP fragments 65-92 and 130-156, which are similar to the MS antibodies found in the serum. One of these clones in both scFv and full-size human antibody constructs, designated E2, was shown to react with both MBP and LMP1 proteins in vitro, suggesting that it has natural cross-reactivity. Thus, antibodies that are produced against LMP1 during EBV infection might act as an inflammatory trigger by reacting with MBP, which suggests molecular mimicry in the mechanism of MS pathogenesis. The detected "molecular signature" of EBV in the MS antibody repertoire correlates with the environmental hypothesis, which suggests that MS progression is triggered by molecular mimicry. Deep sequencing showed that the two cross-reactive antigens are probably individually recognized by light or heavy chains. According to the high structural homology between selected autoantibodies and a number of various antiviral IgGs, we suggest that a wide range of pathogens, rather than a single virus, are possible triggers of MS. 28
Processing of myelin basic antigen as a tool for diagnostic and drug development
During the last two decades, it has been shown that a wide variety of antigens can be processed by autoantibodies. [29] [30] [31] [32] [33] The discovery of natural catalytic antibodies (abzymes) raised on the background of autoimmune disease revealed their beneficial and pathogenic roles in disease progression. Thus, the conflicting Dr Jekyll and Mr Hyde protective and destructive aspects of catalytic antibodies should be carefully considered in the development of various autoimmune diseases. 34 The antibody-mediated processing of MBP was first shown in animal models of the development of experimental autoimmune encephalomyelitis (EAE), 35 and, later, the site-specific cleavage of this neuroantigen by autoantibodies from human and mouse sera was clearly documented. 36 Human and murine catalytic antibodies have been shown to efficiently cleave MBP but not other polypeptide substrates. The established MS therapeutic agent glatiramer acetate, also known as Copaxone, was found to be a specific abzyme inhibitor. The discovered activity was shown to be the intrinsic property of the IgG molecule. No activity was found in the sera-derived antibody fractions of healthy donors or control mice. Sera of 
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Zavalishin et al 24 patients with clinically proven MS at different stages of the disease and 20 healthy controls were screened for anti-MBP antibody-mediated proteolytic activity. The activity correlated with the scores on the MS EDSS (r 2 =0.85, P,0.001). Thus, anti-MBP autoantibody-mediated proteolysis may be regarded as an additional marker of MS disease progression. 37 This epitope-specific antibody-mediated degradation of MBP may explain the mechanism of the slow development of neurodegeneration in MS. The sites of MBP cleavage determined by mass spectrometry were localized within immunodominant regions of MBP. The abzymes could also cleave recombinant substrates containing encephalitogenic MBP 85-101 peptide. This finding was used to develop a novel immunochemical diagnostic test for MS progression. 37 The MBP-derived recombinant epitope library, which includes all autoantigens, allowed for a precise analysis of the cleavage site of encephalitogenic MBP 85-101 peptide. A number of MBP epitopes specific for the autoantibodies in MS were detected and compared with those from other neuronal disorders (ONDs). ELISA (enzymelinked immunosorbent assay) and PAGE (polyacrylamide gel electrophoresis)/surface-enhanced laser desorption/ ionization mass spectroscopy assays were used to define the epitope binding/cleavage activities of autoantibodies isolated from the sera of 26 MS patients, 22 OND patients, and eleven healthy individuals. The levels of autoantibodies to the MBP fragments 48-70 and 85-170 and to the whole MBP and myelin oligodendrocyte glycoprotein molecules were significantly higher in the sera of MS patients than in those of healthy donors. In contrast, selective reactivity to the MBP fragments 43-68 and 146-170 distinguished the OND patients from the MS patients. Seventy-seven percent of patients with SPMS and 85% of patients with RRMS, but only 9% of patients with OND and no healthy donors, were positive for catalysis, showing pronounced epitope specificity to encephalitogenic MBP peptide 81-103. This peptide retained its substrate properties when flanked with two fluorescent proteins, providing a novel fluorescent resonance energy transfer approach for MS studies. The anti-MBP autoantibody-mediated, epitope-specific binding and cleavage was proposed as a specific characteristic of MS compared with OND and healthy donors and may be recommended as an additional biomarker of MS disease progression.
MBP and MBP-reactive species may not be purely deleterious and may have potential therapeutic applications. 38 Multiple MBP-derived peptides were extensively examined as potential drugs for curing MS. 39 Unfortunately, the absence of effective suppression of inflammation symptoms and cases of exacerba-tion sufficiently inhibited the development of peptide-based drugs against MS. 40 Recently, newly identified structural parts of MBP with pronounced therapeutic effects toward EAE in Dark Agouti rats were reported. 41 Dark Agouti rats with EAE induced by syngeneic spinal cord homogenate in complete Freund's adjuvant were treated with human MBP peptides 46-62, 81-102, 124-139, and 147-170 and glatiramer acetate through the nasal route. MBP fragments 124-139 and 147-170 displayed only mild therapeutic effects, while MBP fragment 46-62 significantly reduced EAE, as reflected by lower clinical scores and shorter EAE duration compared with controls. These peptides were also examined in preclinical studies, 42 where EAE in the Dark Agouti rats was treated with identified immunodominant peptides of the MBP encapsulated in mannosylated small unilamellar vesicles. The liposome-encapsulated MBP fragment 46-62 was shown to be the most effective in reducing maximal disease score during the first attack, while MBP fragments 124-139 and 147-170 completely prevented the development of the exacerbation stage. Both mannosylation of liposomes and encapsulation of peptides are critical for the therapeutic effect of MBP peptides because neither naked peptides nor nonmannosylated liposomes (loaded or empty) have been found to be effective. The liposome-mediated synergistic effect of a mixture of the three MBP peptides mentioned earlier significantly suppressed the progression of protracted EAE, reducing the median cumulative disease score from 22 to 14 points compared with the placebo group; prevented the production of circulating autoantibodies; downregulated the synthesis of Th1 cytokines; and induced the production of brain-derived neurotropic factor in the CNS. Thus, this proposed formulation ameliorates EAE, resulting in a less severe first attack and rapid recovery from exacerbation, and offers a promising therapeutic modality for MS. Currently, this formulation has successfully passed Phase IIa of clinical studies.
New strategies for MS drug discovery may be found in the field of proteosomal machinery of antigen degradation and presentation. Specific proteosomal inhibitors have recently become a powerful tool for curing cancer and some autoimmune disorders. 43, 44 Recently, it was shown that CNS proteosomal degradation machinery during EAE development may be substantially altered in terms of the upregulation of immunosubunits. 45 The absence of ubiquitination control of proteasome-mediated protein degradation has previously been shown for a number of proteins. 46 Dr Belogurov et al demonstrated for the first time that a pathophysiologically important autoantigen, ie, MBP, is processed as an ubiquitinindependent substrate of the 26S proteasome. 47, 48 The discovered lack of ubiquitination control on the degradation of the key neuroantigens may be regarded as one of the causes of inappropriate antigen presentation, which may cause autoimmune dysregulation. Thus, the recently demonstrated therapeutic efficacy of β1-immunoproteasome-targeted inhibitors on EAE progression 45 indicates that they may be promising for MS treatment.
Perspectives
MS remains a severe inflammatory demyelinating disease of the CNS affecting over 2.1 million people throughout the world and demanding the development of new drugs and the improvement of existing treatment protocols. Despite substantial progress in MS treatment using glatiramer acetate and IFN-β, the lack of conceptual progress in the development of immune therapy due to MS heterogeneity makes this disease less curable than some distinct forms of cancer. 49 Thus, the development of EAE and toxin-or virus-induced demyelination animal models should be continued. 50 MS may be regarded as a perspective platform for the development of personalized drug therapy, similar to cancer, as a number of successful antibody-based anticancer approaches have been developed. [51] [52] [53] The anti-CD20, anti-CD52, and anti-α4-integrin therapies are also under investigation for MS treatment. 49 It should be mentioned that the long-term consequences of immunosuppressive treatments are still unknown or, at least, have been poorly investigated because most published clinical trials finish after few years of observation, which is an insufficient period of time to address the long-term consequences of these treatments. Therefore, the development of therapies capable of specific depletion of autoreactive B 54 and CD8 + T-cells 55 may have potential for personalized treatments of MS. Another important step toward personalized treatment of MS is the development of biomarkers (clinical, immunologic, genetic, etc) that can help predict the course of a disease and its response to a particular medication.
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